2 0 ¶ These authors contributed equally to this work 2 1
might be triggered by NOS-like enzymes. CaCl 2 solution (pH 5.5). Three days later, the seedlings were transferred to 1.5-L After 6 days, seedlings of similar size were cultivated under one of the following NH 4 + solution were pretreated with c-PTIO for 3 h and then given sufficient water 1 7 8
(CK) or subjected to water stress for 24 h under the same conditions as those 1 7 9 described above. L-NAME + SNP, PEG-6000 + L-NAME, and PEG-6000 + L-NAME + SNP. Determination of NO and ONOOcontents
The 4-amino-5-methylamino-2',7'-difluorofluorescein diacetate (DAF-FM DA) Root endogenous ONOOwas determined using the aminophenylfluorescein 1 9 8
(APF) probe method. Root tips were incubated with 10 μ M APF dissolved in 10 mM 1 9 9
Tris-HCl (pH 7.4) in the dark for 60 min, and then washed 3× with 10 mM Tris-HCl. Fluorescence images and relative fluorescence intensities were analyzed as described 2 0 1 above for NO. Lipid peroxidation and root cell death were histochemically detected with 2 0 5
Schiff's reagent and Evans blue (Yamamoto et al., 2001) . Root tips were incubated in 2 0 6
Schiff's reagent for 20 min and washed by three consecutive immersions in 0.5% (w/v) with some modifications: about 0.15 g fresh root was powdered with 2 mL of 65 mM 2 2 2 phosphate buffer saline (PBS, pH 7.8) in a pre-cooled mortar, and centrifuged at 5,000 2 2 3 × g for 10 min at 4 °C. Then, 0.9 mL of 65 mM PBS (pH 7.8) and 0.1 mL of 10 mM 2 2 4 hydroxylammonium chloride were added to 1 mL of the root extract supernatant, solution and left to react for 30 min. Absorbance was then measured at 540 nm.
9
Root H 2 O 2 content was determined by the photocolorimetric method: ~0.15 g 2 3 0
fresh root was powdered with 2 mL acetone in a pre-cooled mortar, and centrifuged at 2 3 1 5,000 × g for 10 min at 4 °C. Then, 0.1 mL of 5% (w/v) TiSO 4 and 0.1 mL pre-cooled 2 3 2 ammonium hydroxide were added to 1 mL of the root extract supernatant, which was 2 3 3 re-centrifuged at 5,000 × g for 10 min. The supernatant was discarded and the fresh root was powdered with 3 mL of 50 mM PBS (pH 7.0) in a mortar, and 2 3 8 centrifuged at 10,000 × g for 10 min at 4 °C. Then, 1.0 mL of 25 mM PBS (pH 7.0) 2 3 9
containing 5 mM 2-deoxy-D-ribose and 0.2 mM NADH were added to 1 mL of the was then measured at 532 nm, and the OHcontent was inferred from the production 2 4 5 of MDA. Fresh rice root samples (0.5 g) were homogenized in 5 mL of 10 mM phosphate and collected by centrifugation at 12,000 × g for 15 min at 4°C. The activities of SOD, Root NR and NOS activities were assayed using the methods described in protein was extracted using a buffer containing 100 mM HEPES-KOH (pH 7.5), 1 were drawn in Origin v. 8.0 (OriginLab Corporation, Northampton, MA, USA). Growth-and physiology-related parameters, such as biomass, photosynthesis rate 2 8 2 (P n ), and root N uptake rate in rice seedlings supplied with different N sources were reduced by 17.3% ( Supplementary Fig. S1d ) in relation to CK plants. Thus, 2 9 0 NH 4 + -supplied rice seedlings can alleviate PEG-induced drought stress more 2 9 1 effectively than NO 3 --supplied rice seedlings. To investigate whether NO participates in water stress acclimation, endogenous 2 9 5 NO levels in the roots were monitored with the NO-specific fluorescent probe 2 9 6 DAF-FM DA. Significant differences in endogenous NO production were observed in 2 9 7 roots after 48 h of water stress (Fig. 1a ). In CK plants, NO production was relatively 2 9 8 stable and varied little between the two N treatments. In contrast, water stress 2 9 9 significantly induced endogenous NO production 3 h after the roots received NH 4
However, endogenous NO gradually increased only after 6 h in the NO 3 treatment. water stress ( Fig. 1b ).
0 6
Histochemical visualization by Schiff's reagent and Evans blue staining showed 3 0 7 that water stress caused severe oxidative damage to the plasma membrane and cell pronounced in the seedlings given NH 4 + (Fig. 1c, d ). The following analysis of the 3 1 0
MDA and carbonyl concentrations also confirmed that water stress induced more 3 1 1 severe lipid peroxidation in the roots of NO 3 --treated than in the roots of NH 4 + -treated
Effects of the NO donor on root NO production and oxidative damage 3 1 5
To determine the roles of NO in water stress tolerance, the NO donor SNP was 3 1 6
used to simulate NO production. Pre-experimentation with various SNP NH 4 + and NO 3 -, respectively, than in the roots of CK plants ( Fig. 2a, b ). However, this 3 2 7
phenomenon was not observed after 24 h of water stress.
2 8
After 3 h of water stress, ROS (O 2 -, H 2 O 2 , and OH -) levels were increased in the 3 2 9
roots of both the NH 4 + -and NO 3 --treated seedlings in relation to that of CK seedlings. To determine whether the alleviation of water stress-induced oxidative damage 3 4 0 by SNP was related to NO production, the NO scavenger c-PTIO was applied to the Endogenous plant NO production is mostly driven by NR and NOS. Water stress 3 5 1 increased NR activity in the NO 3 --treated roots, and this activity was higher at 24 h 3 5 2 than it was at 3 h of water stress ( Supplementary Fig. S3a ). The activity of NOS was 3 5 3 also significantly elevated at 3 h of water stress, and significantly higher in the 3 5 4 NH 4 + -treated than in the NO 3 --treated roots ( Supplementary Fig. S3b ). In contrast, L-NAME, which inhibit NR and NOS activities, respectively, were used to identify 3 5 7
the origin of the early NO burst in the NH 4 + -treated roots. Although L-NAME tungstate and L-NAME applications suppressed NO production in the NO 3 --treated 3 6 1 roots and tungstate had the stronger inhibitory effect. On the other hand, tungstate had 3 6 2 no significant effect on NO production in the NH 4 + -treated roots (Fig. 5a, b ).
6 3
The effect of SNP on the alleviation of water stress-induced root oxidative inhibitor but not that of the NR inhibitor ( Fig. 5c, d ). For the NO 3 --treated roots, the oxidative damage relative to the PEG (water stress) treatment. Water stress significantly enhanced the activities of root antioxidant enzymes 3 7 4
CAT, SOD, APX, and POD by ~107% and 38%, 52% and 36%, 152% and 128%, and compared to the CK roots ( Fig. 6 ). While SNP application further increased CAT, 3 7 7 SOD, and APX activities ( Fig. 6a-c) , these antioxidant enzymes were inhibited by the 3 7 8
application of the NO scavenger c-PTIO and by the NOS inhibitor L-NAME in the 3 7 9
NH 4 + -treated roots under water stress.
3 8 0
As NR and NOS activities increased in the NO 3 -treated roots, water stress 3 8 1 lowered the nitrate level in the NR pathway and the arginine level in the NOS 3 8 2 pathway ( Supplementary Fig. S4a, b) levels than CK roots ( Supplementary Fig. S4c ). These results indicate that the NO 3 8 9
production burst in the NH 4 + -treated roots might originate from the NOS pathway. Ample experimental evidence has demonstrated that NO is involved in plant 3 9 3 abiotic stress (Neill et al., 2003; Santisree et al., 2015) . However, to our knowledge, N uptake rate, and leaf photosynthesis were reduced relative to the control treatments 3 9 7 after 21days of water stress ( Supplementary Fig. S1 ). However, these reductions were under water stress were significantly alleviated after the application of the NO donor 4 1 9
in both N treatments. Nevertheless, the levels of these substances were higher in the 4 2 0 NO 3 --treated roots than in the NH 4 + -treated roots. Therefore, the NO production under water stress ( Supplementary Fig. S1f ), we hypothesized that the higher NH 4 + 4 2 8 uptake rate is beneficial for the NO early burst due to the NO production involved in 4 2 9 root N metabolism (Corpas et al., 2008; del Rio, 2015) . This NO burst can also be an 4 3 0 active adaptation mechanism of plants to abiotic stress as, in addition to drought stress, 2014), and cold stress (Cantrel et al., 2011) .
3 4
Our study demonstrated that an early NO burst improves plant drought tolerance and Liu, 2012). In the present study, the tips of the NO 3 --treated roots presented more 4 3 9
serious water stress-induced oxidative damage (due to the excessive production ofO 2 -, 4 4 0 OH -, and H 2 O 2 ) than those of the NH 4 + -treated roots (Figs. 1-3 (Bogeat-Triboulot et al., 2007; Farooq et al., 2009) . Our results showed that enhanced Nitric oxide can also serve as a source of reactive nitrogen species (RNS). Over partially alleviated by replenishing the early NO burst at 3 h with SNP (Fig. 1) production increased simultaneously at 3h of water stress, whereas the application of pathway, respectively, were determined. It was found that water stress significantly 4 9 7
increased NOS activity and accelerated the conversion of arginine to citrulline. by NOS (Fig. 7) .
0 2
Our study is the first to demonstrate that the early NO burst in NH 4 + -treated rice Different letters indicate significant differences at P<0.05 level. 
